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Ion Channels and Synaptic Viewpoint
Organization: Analysis of
the Drosophila Genome
larvae (Jan and Jan, 1976) facilitated studies at the cellu-
lar level and stimulated the isolation of mutants that
perturbed neuronal signaling. This genetic strategy
made it possible to identify and ultimately to isolate
genes encoding ion channel proteins that had been re-
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²Laboratory of Genetics fractory to biochemical isolation. The first such mutant
was Shaker (Sh). Discovered serendipitously by itsUniversity of Wisconsin
Madison, Wisconsin 53705 ether-sensitive leg-shaking phenotype (Kaplan and Trout,
1969), Sh was subsequently shown to cause prolonged
transmitter release at the larval neuromuscular junction
(NMJ), suggesting a K1 channel defect. Voltage clampIon channels are the physical substrates that underlie
experiments confirmed this conclusion and gave impe-neuronal signaling and behavior of higher organisms.
tus to molecular studies (Papazian et al., 1988). Subse-Although promulgation of the ionic hypothesis in the
quent efforts to identify additional membrane excitability1950s by Hodgkin, Huxley, and Katz defined the role of
mutants focused on temperature-sensitive (ts) paralyticion channels in neural function, the molecular nature of
mutants, first described by Suzuki (Suzuki et al., 1971).ion channels was first elucidated only within the last 15
Genetic and electrophysiological studies defined theyears. Now, with the completion of the C. elegans and
most promising candidates for molecular isolation. Re-Drosophila genome sequences and with the human ge-
markably, mutants falling into just two general pheno-nome sequence nearing completion, neurobiologists for
typic classes, ts paralysis and ether-sensitive leg-shak-the first time are able to examine the entire set of ion
ing, ultimately yielded clones for an array of ionchannels and associated proteins that govern neural
channels, including pore-forming subunits of voltage-function. Interpreting this wealth of data to understand
activated Na1 channels, two different families of volt-in detail how these proteins specify the distinctive sig-
age-activated K1 channels, Ca21-activated K1 channels,naling properties of individual neurons and enable them
and a b subunit of voltage-activated K1 channels (Wuto be wired into complex computational circuits that
and Ganetzky, 1992). The Drosophila clones enabledultimately dictate behavior will be major goals for the
isolation of homologous genes from other species, in-next decade.
cluding humans. Although scanning genome databasesWe have analyzed the completed Drosophila genome
is clearly a more efficient way than mutant isolation to(Adams et al., 2000; Rubin et al., 2000) for genes that
identify ion channel genes, analysis of mutant pheno-encode ion channels and synapse-organizing proteins.
types remains crucial for elucidating in vivo functions.The genomes of Drosophila and C. elegans are predicted
to contain 13,601 (Adams et al., 2000) and 18,424 (C.
elegans Sequencing Consortium, 1998) protein-coding The Ion Channel Superfamily
genes, while the human genome is likely to surpass For simplicity, our analysis of ion channel genes in the
80,000 protein-coding genes. Here, we present an initial Drosophila genome follows the traditional distinction
evaluation and characterization of the molecular ma- between voltage-gated and ligand-gated channels. How-
chinery that drives three strikingly different nervous sys- ever, it should be noted that this distinction is not always
tems, with distinct morphologies and levels of complex- a clean one. For example, TRP-related channels, cyclic
ity: the simple nervous system of worms with 302 nucleotide±gated channels, and small-conductance cal-
neurons, the more complex Drosophila nervous system cium-activated K1 channels are similar to voltage-gated
with z250,000 neurons, and the substantially more elab- ion channels in sequence and membrane topology, but
orate human brain with an estimated 1012 neurons. De- they function more like ligand-gated channels. Both cat-
spite the huge differences in complexity, comparison of egories of ion channels are well represented in the Dro-
genes encoding ion channels and synapse assembly sophila genome (Table 1). Drosophila counterparts of
proteins reveals considerable conservation at the mo- connexins and the P2X ATP-gated cation channel were
lecular level. not found. Besides ion channels, a large family of G
protein±coupled receptors (GPCRs) function in synaptic
and endocrine signaling. In contrast with C. elegans
Foundations of Ion Channel Research and human genomes, which contain 1100 and over 700
in Drosophila GPCRs respectively, only 160 GPCR genes are present
Neurobiological studies in Drosophila began in earnest in Drosophila. This difference reflects the small number
with Benzer's systematic efforts to isolate behavioral of olfactory receptor genes in flies, 57, versus z1000 in
mutants (Benzer, 1967). Benzer and his students identi- C. elegans and mammals. Drosophila encodes three
fied mutants affecting phototaxis, courtship, circadian metabotropic glutamate receptors and three GABAB re-rhythm, and learning. The ease of performing electro- ceptors. Drosophila also encodes homologs of seroto-
physiological assays on the large body wall muscles of nin, dopamine, octopamine, muscarinic acetylcholine,
adenosine, somatostatin, vasopressin, leutotropin, neu-
rokinin, and galanin GPCRs. Additional references to³ To whom correspondence should be addressed (e-mail: troy@
mit.edu). analysis of ion channels in C. elegans, Drosophila, and
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potentials. Null mutations are lethal. Mammalian volt-Table 1. Ion Channel Genes in Drosophila and C. elegans
age-gated Na1 channels contain b1, b2, and b3 regula-
Drosophila C. elegans tory subunits, which are involved in gating kinetics and
Protein Family Homologs Homologs channel assembly. No apparent homologs of mamma-
Voltage-gated lian b subunit genes are present in Drosophila, sug-
sodium channels gesting that these subunits arose in evolution after the
appearance of invertebrates. However, a similar functiona subunit 2 0
b subunit 0 0 might be performed by the Drosophila TipE protein. TipE
TipE 2 0 was identified as a ts paralytic mutant and subsequently
shown to encode a single transmembrane-containingVoltage-gated
protein with a predicted membrane topology similar tocalcium channels
the mammalian b subunits, but with no sequence simi-
a subunit 4 5
larity (Feng et al., 1995). Two TipE family members areb subunit 1 2
present in Drosophila. No TipE homologs have beena2d subunit 3 3
g subunit ?1 0 identified in vertebrates. C. elegans lacks Na1 channel
pore-forming subunits as well as any homologs of TipEPotassium channels
or b subunits. Electrical communication in the nematode
Kv a subunit 5 10 nervous system may depend primarily on graded signals
Kv b subunit 1 0 rather than Na1-dependent action potentials.
KCNQ a subunit 1 3
Mammalian voltage-gated Ca21 channels are multi-MinK b subunit 0 0
meric proteins containing a pore-forming a subunit andEAG a subunit 3 2
accessory b and a2d subunits. A diverse family of theseMiRP1 b subunit 0 0
slo a subunit 1 2 channels has been identified with members classified
slo b subunit 0 0 into L, N, P, Q, T, and R subtypes based on biophysical
slack a subunit 1 2 and pharmacological profiles. Genes encoding many of
SK a subunit 1 4
the pore-forming subunits for these subtypes have beenKir a subunit 3 3
cloned and designated a1A to a1H. Drosophila containsTWIK a subunit 11 50
four a subunit genes, including homologs of the mam-
Chloride channels 3 6 malian T-type/a1G, L-type/a1D (Dmca1D), and N-type/
CNG channels 4 6 a1A (Dmca1A) genes and one homolog of two C. elegans
outlier Ca21 channel genes. Similarly, the C. elegansHyperpolarization-
genome encodes five Ca21 channel a subunits, includingactivated channels 1 0
L, T, and N subtypes, and the two divergent a subunits.
Ionotropic
Thus, the conserved set of L-, T-, and N-type Ca21 chan-glutamate receptors
nels is represented in invertebrates (Figure 1). Null
AMPA subtype 3 3 mutations in the Dmca1A gene are lethal; partial loss-
kainate subtype 15 4 of-function mutations cause ts convulsions and dis-NMDA subtype 2 2
rupt synaptic transmission and various behavioral re-d subtype 4 4
sponses, including courtship and vision (Smith et al.,divergent 6 2
1998a, 1998b). Dmca1A is abundantly expressed in the
nACh receptors 10 42
Drosophila nervous system and almost certainly en-
GABAA/glycine receptors 10 37 codes the presynaptic Ca21 channel responsible for the
Ca21 influx that triggers synaptic vesicle fusion. Supris-Trp-like channels 13 11
ingly, both the fly and worm N-type Ca21 channels lack
Amiloride-sensitive a conserved synprint domain, the site in the second
sodium channels 24 22
cytoplasmic I±II intracellular loop in mammalian N-type
Ryanodine receptor 1 1 channels that binds syntaxin, a component of the synap-
tic secretion machinery. Indeed, a synprint domain isIP3 receptor 1 1
not found in any of the Drosophila or C. elegans Ca21
Innexins 8 24 channels, suggesting that the interaction with syntaxin is
mediated by a domain lacking homology with the synprint
sequence or that this interaction does not occur in inverte-
mammals can be found in Bargmann and Kaplan (1998), brates. The Drosophila L-type channel (Dmac1D) medi-
Budnik and Gramates (1999), and Ashcroft (2000). ates the dihydropyridine-sensitive Ca21 current underly-
Voltage-Gated Na1 and Ca21 Channels ing muscle action potentials. Mutations in Dmac1D
Na1 channels, and in some instances Ca21 channels, are abolish muscle contractions and cause embryonic le-
essential for action potential propagation. Mammalian thality (Ren et al., 1998). The properties and function of
genomes contain at least eight voltage-gated Na1 chan- the fourth subfamily of Ca21 channels in flies and worms
nels that are differentially expressed in neurons, mus- are unknown. Interestingly, a mammalian ortholog of
cles, and glia. Drosophila encodes two Na1 channel a this channel family expressed predominantly in brain
or pore-forming subunits, para and DSC. Neither gene has been reported recently (Lee et al., 1999).
is expressed in muscles, but both are widely expressed A number of b, a2d, and g Ca21 channel subunits that
in the CNS. Mutations in para were isolated as ts para- modify the conductance and gating properties of the
pore-forming a subunits have also been identified inlytic mutations associated with a block in nerve action
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Figure 1. The Voltage-Dependent Calcium Channel Family
A nearest neighbor dendrogram for the voltage-gated calcium channel superfamily is shown. Four calcium channel subfamilies are evolutionarily
conserved from invertebrates to mammals. Abbreviations: H, human; R, rat; Ce, C. elegans; Dm, Drosophila melanogaster.
mammals. Additional Ca21 channel subunit genes in Characterization of the eag K1 channel family began
in Drosophila with analysis of the eag mutation, whichDrosophila include one b and three a2d subunit genes.
Nematodes contain two b and three a2d genes, indicat- causes ether-sensitive leg-shaking and neuronal hyper-
excitability (Warmke and Ganetzky, 1994). Three evolu-ing that Ca21 channel subunits have been conserved
throughout metazoan evolution. tionarily conserved subfamilies (eag, erg, elk) have been
defined. Members of this subfamily contain six trans-Voltage-Gated K1 Channels
K1 channels are the largest channel family in inverte- membrane domains but are distinguished from Kv chan-
nels by the presence of a segment in the intracellular Cbrates, with z30 genes in flies and 90 in worms (Wei
et al., 1996). Molecular analysis of the Kv family of K1 terminus homologous with a cyclic nucleotide±binding
domain. Drosophila contains single members of the eag,channels, involved in action potential repolarization, was
pioneered in Drosophila with the cloning of Sh, which elk, and erg subtypes. C. elegans also contains one eag
and one erg gene but lacks an elk gene. Multiple genesencodes A-type channels (Papazian et al., 1988). There
are three other evolutionarily conserved members of the for each of the three subtypes are present in mammals.
The human ERG (HERG) channel carries the rapidly acti-Kv family (Shab, Shal, and Shaw), which were also first
cloned in Drosophila (Wei et al., 1990). These subtypes vating delayed rectifier K1 current (IKr) in cardiac muscle.
Mutations in the Drosophila erg gene (seizure) were iso-mediate transient and delayed rectifier (IK) K1 currents
in Drosophila neurons and muscles. Drosophila has one lated as ts paralytic mutants that cause hyperactivity
and spontaneous bursting of motor neurons in the flightgene each for Shab and Shal and two members of the
Shaw subfamily. C. elegans contains one Sh gene, five pathway (Titus et al., 1997; Wang et al., 1997). No muta-
tions in elk have been reported in flies or mammals. InShab genes, and four Shaw genes. Mammals also con-
tain multiple members of each Kv subfamily. A family of humans, a b subunit encoded by the MinK-related pro-
tein (MiRP1) coassembles with HERG and modifies itsb subunits for the voltage-activated K1 channels has
been identified in mammals and Drosophila that coas- properties. MiRP1 homologs are lacking in worms and
flies.semble 1:1 with a subunits and modify current amplitude
and gating kinetics. A single gene, Hk, encodes the b Ca21-gated K1 channels modulate cell excitability and
action potential waveforms. They are subdivided intosubunit in Drosophila (Chouinard et al., 1995). Supris-
ingly, the C. elegans genome lacks a b subunit, although large-conductance (BK), small-conductance (SK), and
intermediate-conductance (IK) channels. The first BKthere are aldo/keto reductase family members that are
only distantly related. Thus, in C. elegans Kv channels channel gene cloned was the slowpoke (slo) gene in
Drosophila, identified as a ts paraltyic mutant that abol-may lack the same heteromeric structure as in flies and
mammals. ished ICF in muscles (Atkinson et al., 1991). One slo gene
is present in flies. C. elegans contains two members ofKCNQ channels have similar domain structure to Kv
channels, with six transmembrane segments. There are this family. Mammalian slo channels are heteromeric
assemblies containing four a and four b subunits. Thefour known family members in mammals. Mutations in
each are associated with heritable human disorders in- presence of b subunits affects the voltage and Ca21
sensitivity of mammalian slo channels. Following a gen-cluding LQT syndrome, deafness, and benign familial
neonatal epilepsy. KCNQ1 coassembles with the MinK eral trend, neither Drosophila nor C. elegans contain
homologs of mammalian b subunits. Mammalian IKb subunit, to form the major cardiac IKS current. KCNQ2
and KCNQ3 coassemble to form the muscarinic-modu- channels appear to contain a slo polypeptide associated
with a novel slo-related subunit known as slack. Flieslated neuronal M current. Drosophila contains a single
KCNQ a subunit, whereas C. elegans contains three. contain one slack gene and worms contain two. It re-
mains to be determined whether slack and slo subunitsNeither flies nor worms encode a MinK b subunit.
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coassemble in these species. The SK channel subfamily identified. The function of the d family in neuronal signal-
ing is unknown. Approximately 30 glutamate receptoris thought to mediate slow afterhyperpolarization in
many cell types. Three SK genes are known in mammals, genes are present in Drosophila, compared with 15 in
C. elegans. Invertebrate glutamate receptors can beand there are four in C. elegans. Drosophila contains
one SK gene. subdivided into kainate (15 genes in flies, four in worms),
AMPA (three genes in both), NMDA (one type 1 and oneTwo remaining classes of K1 channels are the Kir and
TWIK families. Kir channels have two membrane-span- type 2 gene in both species), and d subfamilies (four
genes in both) on the basis of sequence similaritiesning segments and conduct inward rectifying currents
involved in neuronal excitability and K1 transport. with mammalian counterparts. In addition, several novel
subtypes are present for which no mammalian homo-Twelve channels in six subfamilies are known in mam-
mals. Worms and flies each contain three Kir channel logs have been identified, though several show low simi-
larity with the Arabadopisis Glur5 glutamate receptorgenes. TWIK K1 channels are a widely expressed family
of tandem pore channels with four transmembrane seg- (Figure 2). Mammalian NMDA receptors are tetramers
containing two type 1 and two type 2 subunits. Thements that are modulated by a number of factors, includ-
ing pH, small signaling molecules, and membrane ten- genes found in worms and flies suggest conservation
of this subunit structure in invertebrates. The Drosophilasion. TWIK channels play diverse roles in a number of
physiological processes, including a leak conductance NMDA type 1 gene is expressed in brain. Genetic analy-
sis in flies should reveal whether NMDA receptors havethat mediates neuronal resting membrane potential.
Two mammalian TWIK channels, TASK and TREK-1, a universal role in cellular mechanisms of learning. Muta-
tional analysis has been described for the Drosophilaare targets for volatile anesthetics that hyperpolarize
neurons. Approximately 50 TWIK-encoding genes are receptors GluR2A and GluR2B, which are involved in
synaptic transmission at the larval NMJ (DiAntonio etpresent in C. elegans, making it the largest family of K1
channels in the nematode. Eleven TWIK-encoding genes al., 1999). The in vivo functions of the remaining channel
subtypes are unknown.are identifiable in the Drosophila genome, again making
this family the largest class of ion channels in flies. Deci- Nicotinic Acetylcholine Receptors
The nicotinic acetylcholine (nACh) receptors composephering the diverse roles of the TWIK superfamily in
neuronal signaling will be a major challenge in the com- the other ligand-gated superfamily that mediates fast
excitatory synaptic transmission in mammals. Subuniting years.
Additional Voltage-Gated Channels composition of these pentameric channels varies be-
tween muscle and brain. In neurons, most nACh recep-Cl2 channels are involved in volume homeostatsis and
membrane excitability. Ten Cl2 channels have been de- tors contain two a subunits and three b subunits. In
mammals, nine a subunits and three b subunits havefined in mammals, each containing 12 transmembrane
segments. Drosophila encodes three voltage-gated Cl2 been identified. In contrast, muscle nACh receptors con-
tain two a subunits and three additional subunits fromchannels, while C. elegans has six.
Cyclic nucleotide±gated cation channels (CNGs) are the b, g, d, and e subfamilies. The subfamilies of muscle
and brain nACh subunits are structurally similar andimportant in sensory transduction in the visual, olfac-
tory, and gustatory systems. Functional channels con- share 30%±50% amino acid similarity. There are 10 iden-
tifiable nACh receptor genes in flies and 45 in worms.tain structurally similar a and b subunits coassembled
into tetramers. Drosophila contains four members of Three of the Drosophila nACh receptors are most closely
related to mammalian a7 subunits, the predominantlythis family and C. elegans has six. In C. elegans, CNG
mutants (tax 2 and tax 4) are defective in thermosensa- expressed bungarotoxin-sensitive a subunits in brain.
In contrast, the seven remaining fly nACh receptors aretion, chemosensation, and sensory axon guidance, sug-
gesting diverse functional roles for this family. The family more closely related to each other than to known mam-
malian a or b subunits (Figure 3). Unlike Drosophila, C.of hyperpolarization-activated cyclic nucleotide±gated
channels present in mammalian brain and heart also elegans and mammals use acetylcholine as the excit-
atory neurotransmitter at NMJs. Levamisole-resistantcontains a cyclic nucleotide binding domain. These
channels form the Ih current involved in neuronal pace- mutants in C. elegans include defects in the nACh recep-
tor gene, unc-38. The fact that synaptic transmission atmaker activity and establishing resting membrane po-
tential. A single hyperpolarization-activated channel NMJs in flies is glutaminergic rather than cholinergic
probably accounts for the lack of similar mutants ingene is present in flies. Surprisingly, C. elegans lacks a
member of this family. Drosophila as well as their lack of a1 nACh receptor
homologs.Ligand-Gated Excitatory Glutamate Receptors
The ionotropic glutamate receptor family mediates most GABAA/Glycine Receptors
GABAA and glycine receptors mediate inhibitory chlorideforms of excitatory synaptic transmission in the mam-
malian CNS. These channels also are required for synap- currents and are key components of synaptic inhibition
in the mammalian CNS. Mammalian glycine receptorstic plasticity and learning. Glutamate receptors have
been divided into AMPA, kainate, and NMDA subtypes consist of three a subunits and two b subunits. Three
distinct a subunits and one b subunit, sharing 30%±40%based on differences in agonist response. NMDA recep-
tors require both membrane depolarization and gluta- amino acid similarity, have been identified in mammals.
GABAA receptors are composed of two a subunits, twomate binding to open and are key regulators of LTP
in the mammalian brain. AMPA and kainate receptors b subunits, and one g subunit. Additional subunits in-
clude the e, d, p, r, and t subfamilies, which are predictedmediate fast synaptic transmission in the CNS. A fourth
subfamily of glutamate receptors, d, has recently been to coassemble with a and b subunits to form distinct
Viewpoint
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Figure 2. The Superfamily of Excitatory Glutamate Receptors
A dendrogram of the identified glutamate receptors from the Drosophila and C. elegans genomes, as well as known human subtypes, is
shown. The C. elegans gene products are identified by their CE designation, while the Drosophila gene products are listed by their Celera
transcript number (CT). Although many of the invertebrate glutamate receptors do not unambiguously fall into AMPA, kainate, or d subfamilies,
many of the outliers show strong homology to one of the three channel subtypes as described in the text. Abbreviations: H, human; R, rat;
Ce, C. elegans; Dm, Drosophila melanogaster. Our analysis of genomic data included BLASTP searches of proteins encoded by genes
predicted by Genescan, Genie2, and sequence homology to known proteins, as well as TBLASTN searches of the Celera 12X Drosophila
genome coverage with known ion channel or synaptic proteins. 99.7% of known Drosophila genes are covered by the Celera contigs, suggesting
out searches have covered almost all of the coding potential of the Drosophila genome. The CT sequence described in the figures can be
accessed through the Berkeley Drosophila Genome Project web site (http://www.fruitfly.org/cgi-bin/annot/query).
GABAA channel subtypes. Six a subunits, three b sub- several represent unique subclasses more similar to
each other and to Drosophila isoforms than to mamma-units, and three g subunits have been identified in mam-
mals. All of the GABAA subunit classes are structurally lian GABAA/glycine subunits. No clear orthologs of the
g, e, d, p, r, and t subfamilies are present in flies orsimilar, with about 30%±40% amino acid similarity
among the various subtypes. Drosophila encodes 10 worms, suggesting that these subunits might be limited
to vertebrates. One of the Drosophila GABA receptorproteins homologous with the GABAA/glycine superfam-
ily. Six of these proteins are most similar to glycine a subunits corresponds to the Rdl locus, identified via
mutants resistant to the cyclodiene insecticide dieldrinsubunit receptors, while three are more similar to GABAA
receptors (two a subunits and one b subunit). Drosophila (Ffrench-Constant et al., 1993).
TRP-Related Channelsalso encodes a homolog of the ivermectin-sensitive glu-
tamate-gated chloride channel family, which has multi- One relatively uncharacterized ion channel family in flies
and worms is related to the TRP family, which functionsple representatives in the C. elegans genome but is
absent in mammals. In addition to the 11 ivermectin- in sensory transduction. The prototypical members of
this family, which includes the store-operated Ca21 in-sensitive channel genes, C. elegans contains 25±30
GABAA/glycine-type receptors. Many of these share sig- flux (SOC) channels and the vanilloid (capsaicin) recep-
tors, are TRP and TRPL (Harteneck et al., 2000). Thesenificant similarity with the GABAA/glycine family, though
Neuron
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Figure 3. The Nicotinic Acetylcholine Recep-
tor Family in Drosophila and Humans
Nearest neighbor dendrogram of the known
human nACh receptors and the known (Dm)
and predicted (CT#) Drosophila familymembers.
proteins are light-activated Ca21 channels in Drosophila in the Drosophila IP3 receptor result in larval lethality
and defects in cell proliferation, differentiation, and se-photoreceptors. Members of the TRP family conduct
Ca21 ions and are involved in pain and thermosensation cretion of the hormone ecdysone (Acharya et al., 1997;
Venkatesh and Hassan, 1997). Their role in neuronal(vanilloid receptors) in mammals, and olfaction and
mechanosensation (OSM9) in C. elegans. Drosophila en- signaling is still unknown. No mutations in the Drosoph-
ila ryanodine receptor have been reported.codes 13 members of the TRP family, while the C. ele-
gans genome encodes 11. Figure 4 shows a dendrogram The amiloride-sensitive/degenerin Na1 channel family
is large in both flies and worms, with 24 and 22 members,for the Drosophila TRP family and a motif analysis for
the encoded gene products identifying four subfamilies. respectively. Only five members of this family have been
described in mammals, although from the number ofTRP and TRPL, together with their mammalian and C.
elegans homologs, form one subfamily that probably these genes in invertebrates many more mammalian
genes will probably be found. In mammals, the amilo-functions as SOCs. Two novel TRP-like proteins in Dro-
sophila, OSM9 and additional novel proteins in worms, ride-sensitive channels are important for Na1 transport
across epithelia and are disrupted in several kidney-and the rat vanalloid receptor form a second subfamily
predicted to function in olfaction and pain perception. related disorders. In C. elegans, mechanosensory mu-
tants, mec-4 and mec-10, disrupt members of this fam-A third subfamily includes four Drosophila genes and
one C. elegans gene that encode proteins homologous ily, suggesting additional roles as mechanosensitive
stretch channels.with the polycystin-2 protein family of mammals, which
is mutated in dominant forms of polycystic kidney dis- The remaining family of known channel proteins in-
cludes the innexins, components of invertebrate gapease. Mammalian polycystin-2 localizes to intracellular
membranes and may function as an intracellular ion junctions. Both Drosophila and C. elegans lack connexin
homologs, the structural subunit of mammalian gapchannel. The final subfamily includes five proteins from
Drosophila containing 5±29 ankryin repeats in their intra- junctions. However, they possess a large repertoire of
innexins, with 8 identified in the Drosophila genomecellular N termini, in addition to the TRP-like cation chan-
nel domain. One of these genes corresponds to the and 24 in C. elegans. Gap junctions are important in
mediating electrical synaptic transmission. Approxi-recently identified Drosophila mechanosensory trans-
duction channel mutant nompC (Walker et al., 2000). mately 10% of all synapses in C. elegans are electrical.
While the percentage in Drosophila is unknown, it isMembers of this subfamily are also found in the ge-
nomes of worms and mammals, suggesting the potential presumed that electrical synapses also constitute a sig-
nificant fraction in flies. Mutations in two of the Drosoph-conservation of mechanosensory pathways throughout
metazoan evolution. ila innexin genes have been characterized, pass and
l(1)ogre (Watanabe and Kankel, 1992; Krishnan et al.,Additional Channels
In addition to the polycystin-2 TRP-like proteins that 1993). Mutations of pass disrupt electrical synapses be-
tween interneurons and motor neurons in the giant fiberpossibly function as intracellular ion channels, the rya-
nodine and IP3 receptors are also present on intracellular system, causing a defective escape response.
membranes and mediate Ca21 release from intracellular
stores. Ryanodine receptors are coupled through a still Synapse Organization
A large number of macromolecular complexes haveundefined mechanism to plasma membrane voltage-
gated Ca21 channels and function in excitation±con- been implicated in ion channel organization. The C ter-
minus of the excitatory glutamate receptor family istraction coupling in muscles, a defect which accounts
for malignant hyperthermia in humans. IP3 receptors known to interact with several PDZ-containing proteins.
Drosophila and C. elegans each encode over 30 PDZ-couple the release of intracellular Ca21 to various trans-
duction pathways that generate the second messenger containing proteins. The MAGUK family of PDZ-con-
taining proteins interacts with Kv channels as well asIP3. Three ryanodine and three IP3 receptors are known
in mammals. Drosophila and C. elegans each encode with NMDA receptors. Drosophila contains two genes,
including the previously identified dlg locus, that encodeone ryanodine receptor and one IP3 receptor. Mutations
Viewpoint
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Figure 4. Diversity and Structure of the TRP Superfamily
(A) Nearest neighbor dendrogram of the TRP family reveals four distinct subfamilies.
(B) Predicted domain structure of the C. elegans OSM9 channel. This prototypical member of the TRP family shows the conserved N-terminal
ankryin repeats (absent in the polycystin-2 subfamily) and the TRP six transmembrane cation channel.
(C) Representative domain structure of members of the TRP superfamily.
Abbreviations: H, human; R, rat; Ce, C. elegans; Dm, Drosophila melanogaster; CT, Celera transcript.
proteins closely related to mammalian MAGUKs. There Agrin-mediated clustering of nACh receptors is a well-
characterized synaptic assembly system in mammals.are also three novel p55-like proteins, containing PDZ,
SH3, and guanylate kinase domains that may also be Agrin binds the tyrosine kinase receptor, muscle-spe-
cific kinase (MuSK), to trigger a signaling cascade thatinvolved in channel clustering and localization. The
presence of multiple domains in MAGUK family mem- is thought to involve the nACh clustering protein, rapsyn.
The acetylcholine receptor inducing activity (ARIA, alsobers potentially allows protein interactions coupling ion
channels to the synaptic cytoskeleton as well as to vari- known as neuregulin) protein is also secreted by motor
neurons at the synapse to stimulate the synthesis ofous signal transduction pathways. Additional protein±
protein interactions involving glutamate receptors in muscle nACh receptors. A single rapsyn gene is present
in worms and flies. A MuSK homolog is present in Dro-mammals include NMDA receptors with S-SCAM, AMPA
receptors with GRIP, and metabotropic glutamate re- sophila, but only a low similarity match (likely a perlecan
ceptors with HOMER. Drosophila and C. elegans both homolog) to agrin can be found. A single agrin gene but
encode homologs of the four PDZ±containing SCAM no clear MuSK orthologs are present in C. elegans. No
protein. Drosophila also encodes single homologs of ARIA homologs are found in either worms or flies. Thus,
GRIP and HOMER, whereas C. elegans lacks counter- it appears that although rapsyn±nACh receptor interac-
parts to either. The metabotropic glutamate receptor/ tions are conserved, the signaling pathways that acti-
HOMER complex in mammals is linked via members of vate this clustering system are somewhat divergent. At
the SHANK protein family to PSD-95 and cortactin. This inhibitory synapses, gephyrin has been shown to anchor
protein family contains a conserved motif structure that GABAA and glycine receptors at postsynaptic sites. Sin-
includes ankryin repeats at the N termini and SH3 and gle gephryin homologs can be found in both the Dro-
PDZ domains at the C termini. Drosophila and C. elegans sophila and C. elegans genomes.
both encode SHANK homologs. Spinophilin, another
mammalian PDZ-containing protein, is required for syn-
Conclusionsaptic targeting of protein phosphatase I, which is in-
The most obvious conclusion from this survey is thatvolved in ion channel regulation. Homologs of spino-
philin are present in worms and flies. neuronal signaling proteins, for the most part, have been
Neuron
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highly conserved throughout evolution. Despite the dra- neuronal signaling proteins opens up a new era in which
matic differences in complexity and organization of ner- neurobiologists can work back from the complete gene
vous systems and behavioral outputs in worms, flies, set toward an understanding of how they function to
and mammals, the key proteins, and presumably the produce behavior.
functional mechanisms they govern, are remarkably
similar. Apparently, the basic framework for neuronal References
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